The source-filter theory is an important framework recently applied to the study of animal vocalisations, which links the mode of vocal production to call parameters. Vocalisations can be good indicators of a sender's characteristics, such as identity, body size, age, and even hormonal status and affective states. For these reasons, applied vocal communication research would greatly benefit from adopting the source-filter theory approach to identify key call parameters linked to physical and physiological characteristics of domestic animals. Here, we introduce the source-filter theory through a detailed analysis and interpretation of goat contact calls during development. In mammals, vocal development is mostly influenced by maturation. Maturational processes of vocalisations are linked to growth or sex hormone effects on the larynx and vocal tract. We investigated changes to the parameters of goat contact calls during ontogeny, according to age, body size and sex. We recorded goat kids from birth to four months old and analysed their calls by considering the shape and functioning of the vocal apparatus. We found age and sex-related changes to most of the measured vocal parameters, suggesting a direct or indirect effect of sex hormones on vocal ontogeny. Furthermore, body size growth was negatively correlated with most frequency parameters, indicating that vocal production is constrained by body size throughout development. Therefore kid vocalisations provide information about age, sex and body size. We suggest that similar analyses applied to the study of vocal correlates of affective states, could greatly help the discovery of convenient and non-invasive indicators of animal welfare.
Introduction
According to the source-filter theory of voice production (Fant, 1960) , mammal vocalisations are generated by vibrations of the vocal folds ("source") and are subsequently filtered by the vocaltract("filter"). This framework, originally developed to study human speech (Titze, 1994) , has recently proved very useful for animal vocal communication research by linking vocal production mechanisms to call parameters (Taylor and Reby, 2010) . Source-related vocal parameters depend on the anatomy/physiology ofthe larynx and the sub-laryngeal and laryngeal structures (e.g. vocal fold length and mass), whereas filter-related vocal parameters are determined by the anatomy/physiology of the supralaryngeal vocal tract (e.g. shape and length of the vocal tract). We suggest that this framework could greatly benefit applied vocal communication research by identifying key vocal parameters and link them to the structures of the vocal apparatus of domestic animals. This would allow a far better understanding of why and to what extent call structure varies between individuals and between tested situations.
The development of animal vocalisations is influenced by growth, maturation and experience. Mammal vocalisations, with few exceptions (Janik and Slater, 1997) , are believed to be genetically determined with only limited flexibility (Seyfarth and Cheney, 2010) . Changes during call ontogeny are mainly attributed to maturational processes. However, developmental changes in vocal production (acoustic parameters of vocalisations) have mostly been investigated in mammals with complex vocal repertoires (e.g. bats, Jones and Ransome, 1993; meerkats, Suricata suricatta, Hollén et al., 2008; primates, Ey et al., 2007a;  seals, Khan and Markowitz, 2006) . Other mammals with less complex repertoires have received little attention, and knowledge of the influence of factors such as growth on vocal parameters is weak (e.g. felids, Peters, 2011) .
Changes in vocalisations during development can be linked to growth and sex-related hormonal changes. The larynx is a steroid receptor target organ (Aufdemorte et al., 1993) , and therefore, source-related vocal parameters can be affected during development by changes in testosterone levels or by growthrelated lengthening of the vocal folds (Taylor and Reby, 2010) . The vocal tract grows with the rest of the body and its length is directly dependent on body size (Taylor and Reby, 2010) . Because of the negative relationship between frequency parameters and body size (or weight) among adult individuals in several species (Reby and McComb, 2003; Vannoni and McElligott, 2008) , the same negative correlation is expected for juveniles during growth (Peters, 2011) . Filter-related vocal parameters should thus change during development, with body sizerelated lengthening and widening of the vocal tract.
The physical and physiological characteristics of animals are strongly linked to the vocalisations they produce (Taylor and Reby, 2010) . For these reasons, various vocal parameters have proven to be good indicators of caller identity (Vannoni and McElligott, 2007; Briefer and McElligott, in press ), quality (Reby et al., 2005; Briefer et al., 2010) and even hormonal status (Charlton et al., 2010) . Vocalisations could also be reliable indicators of inner states (Gogoleva et al., 2010) . Indeed, emotions are associated with physiological and neurological changes that affect respiration, salivation and tension of the vocal folds and vocal tract walls, causing modifications of the vocal parameters (Scherer, 1986) . Therefore vocal parameters are promising non-invasive tools to assess animal welfare (Weary and Fraser, 1995; Manteuffel et al., 2004) . However, in order to find vocal indicators of affective states, a good understanding of the vocal production mechanisms and the way emotions influence vocal production is required. More importantly, a thorough knowledge of the structure of vocalisations produced in low-affect situations (e.g. contact calls produced at close distance) at every step of vocal ontogeny is crucial in order to detect the subtle variations in structure that indicate different inner states. In this study, we introduce the source-filter theory through a detailed analysis and interpretation of goat contact calls during ontogeny.
We investigated changes during development in vocal characteristics according to age, body size and sex in a highly vocal livestock species, the goat (Capra hircus). In this highly social and vocal species, an exclusive bonding between the mother and the neonate is developed within a few hours postpartum (Poindron et al., 1993; Miranda-de la Lama and Mattiello, 2010) . As a consequence, mutual mother-kid vocal recognition is evident from the first week postpartum, and this recognition probably relies on the individual characteristics of the calls (Briefer and McElligott, in press ). Here, we studied age-related changes according to sex in both source-and filter-related vocal parameters, as well as intensity parameters, from birth to four months of age. We also investigate body size-related changes in vocalisations. We predicted that most vocal parameters would change with age as a result of body growth, and that these changes would be sex-dependent.
Methods

Subjects and management conditions
The study was carried out at White Post Farm, Nottinghamshire (53•06'N, 1•03W), UK, on four groups of 1°03'W), UK, on four groups of pygmy goat kids born in July 2009, December 2009, March 2010 and July 2010, respectively (n = 23; 5 females and 18 males; mean ± SE group size = 5.8 ± 0.5 kids). All kids had the same father (i.e. they were either full or half siblings) and consisted of four single born, eight pairs of twins and one set of triplets.
The goats used in this study were kept indoors in a communal pen of 4.4 m × 4.5 m. When a female was about to give birth, she was isolated in a 2.5 m2 pen within the communal pen and kept there with her kid(s) for 2-3 days to allow adequate development of the mother-offspring relationship and prevent interference from other goats. Mothers and kids were then released in the communal pen with the other goats. At 2-3 months postpartum, all the goats (mothers and kids together) were moved to a bigger pen with other individuals. Male kids were castrated by using a constrictive rubber ring applied to the neck of the scrotum 3-4 days after birth (usual procedure in UK; DEFRA, 2009) . This was carried out as part of routine management of the animals by the owners.
Recordings and selection of calls
Goats produce two kinds of calls when isolated, according to the degree of stress of the situation. "Contact calls" are the most common, and are used to maintain contact with other goats when physically, but not vocally separated, whereas "distress calls" are high-pitched, and associated with high stress levels (Lenhardt, 1977) . In other species, distress calls have been shown to generally lack useful information such as individual identity, or at least to contain less information than contact calls (e.g. red deer, Cervus elaphus, Vanková andMálek, 1997; chacma baboons, Papio ursinus, Rendall et al., 2009 ). Because we were interested in low-affect vocalisations potentially encoding information about age, body size and sex, we focussed in this study on contact calls. We recorded goat kid contact calls at distances of 1-5 m from the vocalising animal using a Sennheiser MKH70 directional microphone, connected to a Marantz PMD660 numeric recorder (sampling rate: 44.1 kHz) between 10:00 and 17:00 h. Kids were recorded daily during their first week (0-10 days old), at approximately 5 weeks old (27-41 days old), and at approximately 3 or 4 months old (104-124 days old) for four kids (one female and three males) that had been kept at the farm with their mothers (days of recording per individual, mean ± SE = 9.70 ± 0.38, range = 6-14). This was done by separating kids during no more than 5 min, 2-3 times per day at visual and hearing range (1-10 m) from their mothers. The distance to the mother was set at 1 m on average during the first day of recordings and increased afterwards if necessary, until we obtained contact calls (i.e. low-affect vocalisations) and no distress calls (see Supplementary Material). Kids were isolated alone, except if they were stressed during isolation even at 1 m. In these cases, they were isolated with their sibling(s).
Vocalisations were imported into a computer at a sampling rate of 44.1 kHz and saved in WAV format at 16-bit amplitude resolution. We used Praat v.5.0.47 DSP Package (Boersma and Weenink, 2009 ) and Seewave (Sueur et al., 2008) for subsequent analyses. Calls were visualised on spectrograms in Praat(FFT method, window length = 0.01 s, time steps = 1000, frequency steps = 250, Gaussian window shape, dynamic range = 50 dB).
To assess age, sex and body size effects on kid calls, we selected eight good quality calls (low levels of background noise as visualised on a spectrogram) per kid per day for subsequent analyses (total = 1784 calls from 23 kids, mean ± SE per kid = 77.58 ± 3.04 calls). Selected calls were separated by at least three calls within a given recorded bout. This is important in order to avoid pseudoreplication, because consecutive calls are more likely to be homogeneous (Reby et al., 1999) . We strongly recommend this approach for other studies of vocalisations.
Acoustical analysis
Goat calls are short, with a clear harmonic structure and strong frequency and amplitude modulations ( Fig. 1) . We extracted source-related (fundamental frequency, "F) and filter-related (amplified frequencies, "formants") vocal parameters as well as intensity measures using a custom built program in Praat. This program batch processed the editing, the setting of parameters, the analyses and the exporting of output data (Reby and McComb, 2003; Charlton et al., 2009a) . The vocal parameters that we measured are listed in Table 1 and detailed in the next paragraphs below (Praat commands are indicated in brackets). Goats produce two kinds of contact calls: closed-mouth contact calls and open-mouth contact calls (Ruiz-Miranda et al., 1993) . The extent of mouth opening influences the resonant properties of the vocal tract (Titze, 1994) . Several vocal parameters thus differ between closed-and open-mouth calls (Sèbe et al., 2010) , especially the frequencies and amplitude levels of formants. Because some formants are suppressed in closed-mouth calls, only kid contact calls emitted with the mouth open, in which formants are more evident, were used in this study.
Source-related vocal parameters were measured by extracting the F0 contour of each call using a crosscorrelation method ([Sound: To Pitch (cc) command], 0-10 days old: time step = 0.005 s, pitch floor = 300-400 Hz, pitch ceiling = 700-900 Hz; 27-41 days old: time step = 0.005-0.015 s, pitch floor = 200-300 Hz, pitch ceiling = 700-800 Hz; 104-124 days old: time step = 0.015 s, pitch floor = 100-200 Hz, pitch ceiling = 600-800 Hz). If the entire F0 contour could not be detected by the cross-correlation method, calls were high-pass filtered before the analysis (cut-off frequency: 0-10 days old, 300 Hz; 27-41 days old, 200 Hz; 104-124 days old, 100 Hz). The frequency value of F0 at the start (F0Start) and at the end (F0End) of the call; the mean (F0Mean), minimum (F0Min) and maximum (F0Max) F0 frequency values across the call; the percentage of the total call duration when F0 was maximum (TimeF0Max); and the F0 mean absolute slope (F0AbsSlope) were included in our analyses. To characterise F0 variation along the call, we measured the mean F0 variation per second (F0var), calculated as the cumulative variation in the F0 contour in Hertz divided by call duration. We also measured the number of complete cycles of F0 modulation per second (FMRate) and the mean peak-to-peak variation of each F0 modulation (FMExtent, see Charlton et al., 2009a) . Finally, we included two other measures of F0 variation: jitter (Jitter, Titze et al., 1987) , which is the mean absolute difference between frequencies of consecutive F0 periods divided by the mean frequency of F0 [Jitter (local) command]; and shimmer (Shimmer), which is the mean absolute difference between the amplitudes of consecutive F0 periods divided by the mean amplitude of F0 [Shimmer (local) command].
Filter-related (formants) vocal parameters were measured by extracting the contour of the first four formants of each call using Linear Predictive Coding analysis (LPC [Sound: To Formant (burg) command], 0-10 days old: time step = 0.003 s, maximum number of formants = 4-5, maximum formant = 9800-12,000 Hz, window length = 0.01-0.04 s; 27-41 days old: time step = 0.01-0.025 s, maximum number of formants = 4-5, maximum formant = 8000-10,000 Hz, window length = 0.01-0.05 s; 104-124 days old: time step = 0.025 s, maximum number of formants = 4-5, maximum formant = 5000-7000 Hz, window length = 0.05 s). We compared the outputs of the LPC analysis with visual inspections of spectrograms to check if Praat accurately tracked the formants. Spurious values and inter-segment values (see Fig. 1 ) were deleted and we corrected for octave jumps when necessary. We included in our analyses the mean (F1-4Mean) minimum (F1-4Min), and maximum (F1-4Max) values of the formants. We then estimated the minimum spacing of the formants (DfMin), known as minimum formant dispersion, using the method described by Reby and McComb (2003) . Additionally, we included in our analyses the frequency values at the upper limit of the first (Q25%), second (Q50%) and third (Q75%) quartiles of energy, measured on a linear amplitude spectrum applied to the whole call.
We measured intensity characteristics by extracting the intensity contour of each call [Sound: To Intensity command]. We then included in our analyses the mean variation per second (AmpVar), calculated as the cumulative variation in amplitude divided by the total call duration; the number of complete cycles of amplitude modulation per second (AMRate); and the mean peak-to-peak variation of each amplitude modulation (AMExtent, see Charlton et al., 2009a) .
We also included in our analyses the total duration of each call (Dur). Because calls of 0-to 10-day-old kids are relatively short and composed of short segments (Fig. 1) , F0var, FMRate, FMExtent, AMVar, AMRate and AMExtend were only measured for older kids (total number of parameters included in the analyses: 26 parameters for 0-to 10-day-old kid calls and 32 parameters for 27-to 124-day-old kid calls). Some parameters could not be measured in every call, resulting in a small proportion of missing values (0.63% of the values). Therefore, the sample size (number of calls) differs between the vocal parameters. 
Size measurements
Body size was assessed using a proxy indicator of skeletal size. A segment of the left hind leg, from the tip of the dew claw to the top of the hock was measured on several of the recording days for each kid (28.70% of the days, 2.78 ± 0.23 days per kid). This measurement was chosen because it is less prone to error than others, and has been used as an indicator of body size for other ungulates such as fallow deer (Dama dama, McElligott et al., 2001) and sheep (Ovis aries, Coltman et al., 1999) .
Statistical analysis
We used Linear Mixed Models (LMMs) fitted with Restricted Estimate Maximum Likelihood (REML, lme function in R, Venables and Ripley, 2001) to investigate the effects of age (range:0-124days old, continuous predictor), sex (male/female, categorical predictor) and body size (leg measurement, range: 8-11.5 cm, continuous predictor) on the vocal parameters of kid calls. We carried out a first series of models (one for each vocal parameter) to investigate the effect of age on vocal parameter measures. In these models, we included the vocal parameter as a dependent variable and the age of kids as a fixed effect. Then, to investigate if some of the age effects were due to body size changes, we carried out a second series of models (one for each vocal parameter), in which we examined the effect of body size (leg measurements) on the mean values for each vocal parameter per kid per day (from calls recorded on the same days as when kid leg size had been measured). In these models, the vocal parameter was included as a dependent variable, and we included as a fixed effect the size of the hind leg of the kids.
In both series of models, to investigate sex effects, independently of age and body size, respectively, we included sex as a second fixed effect. In the first series of models (age), the interaction effect between age and sex was also included. The identity of kids nested within the identity of their mothers was fitted as a random term in both series of models to account for individual and kinship (full or half siblings) differences. To summarise, the first series of models included age, sex and the interaction between age and sex as fixed effects, as well as the identity of kids nested within the identity of their mothers as a random term. The second series included body size and sex as fixed effects, as well as the identity of kids nested within the identity of their mothers as a random term. Q-Q plots and scatterplots of the residuals of the dependent variables were inspected visually to ensure their normal distribution, and data were log-transformed when necessary. The calculation of a coefficient of determination R2 for GLMM is not obvious because of the presence of random effects. We thus estimated R2 following (Magee, 1990) to describe the way models fitted the observed data, as follows: R2 = 1 − exp(−2/n(log LM − log L0)), where n is the number of observations (calls), log LM is the standard log-likelihood of the model (which include fixed and random effects) and log L0 is the standard loglikelihood of the intercept-only model. We carried out statistical analyses using R v.2.9.0 (R Development Core Team, 2009). All tests were two tailed and factors were considered to have a statistically significant influence if p < 0.05. All means are given with SEs.
Ethics
Animal care and all experimental procedures were in accordance with the International Society for Applied Ethology guidelines. During the recordings, mothers and kids could always see each other and were separated for no more than 5 min at 1-10 m. 
Results
Age and sex effects
As kids matured, their calls became longer, lower in frequency (F0 and formants) and less modulated in frequency and amplitude. Most of these changes were affected by sex, with females having calls with higher frequencies, more frequency modulated and a more stable F0 than males (Tables 1 and 2; Fig. 2 ; see also Fig. 1 ). Significant age effects indicate general age-related changes, and significant sex effects indicate general sex differences, independent of age. Finally, significant age × sex effects indicate different age-related changes according to sex. There was an effect of age and an interaction effect between age and sex, on all parameters linked to the F0 contour, with F0 values decreasing with age and decreasing faster for males than for females (Tables  1 and 2 ; see F0Mean in Fig. 2) . TimeF0Max tended to vary with age (p = 0.063) and varied significantly differently for males than for females, but the effect was really weak (R2 = 0.03; Tables 1 and 2) . A decrease with age was observed for F0AbsSlope (i.e. F0 slope became less steep). This parameter showed a faster decrease for females than for males (Tables 1 and 2; Fig. 2) . The sex effect on F0AbsSlope also tended to be significant (p = 0.053), with females having higher F0AbsSlope values than males (Tables 1 and 2; Fig. 2 ). In the same way, F0var (cumulative F0 variation) and FMExtent (mean peak-to-peak variation of each F0 modulation) decreased with age (Tables 1 and 2 ). F0var and FMRate (i.e. number of cycles of F0 modulation per second) were higher for females than for males (Tables 1 and  2 ). Jitter and Shimmer were higher for males than for females. Jitter decreased (i.e. F0 became more stable in frequency) for females but not for males and Shimmer decreased also slightly (i.e. F0 became more stable in amplitude), but the general effect of age was not significant (Tables 1 and 2 ). To summarise, as kids matured, all the parameters characterising the F0 contour of their calls decreased, and decreased faster for males than for females. Several of the measured parameters characterising F0 variation (F0AbsSlope, F0Var, FMExtent) decreased also, indicating a less modulated F0. F0 slope decreased faster for females than for males. Female calls were more frequency modulated (F0var and FMRate) but also had a more stable F0 (Jitter and Shimmer) than male calls.
All formant-related measures decreased with age. They decreased faster for males than for females, except F2-related parameters, which decreased faster for females than for males, and F4Min and DfMin, which decreased in a similar way for males and females (Tables 1 and 2; see FMean in Fig. 2 ). F3Min and F4Min were generally higher for females than for males (significant sex effect; Tables 1 and 2) . Q50% and Q75% decreased with age (Tables 1 and 2 ). All quartiles-related parameters (Q25%, Q50% and Q75%) decreased faster for females than for males, but the general effect of age was not significant for Q25% (Tables 1 and 2 ; see Q50% in Fig. 2 ). AMRate also decreased (i.e. less cycles of amplitude modulation per second) with age, in the same way for males and females (Tables 1 and 2; Fig. 2 ). Dur increased with age, and increased faster for males than for females (Tables 1 and 2; Fig. 2 ). To summarise, as kids matured, all filter-related parameters (except Q25%) decreased in frequency. The highest measured formants were higher for females than for males throughout development. Calls also became longer in duration and less amplitude modulated.
Body size and sex effects
As kids grew, their calls became lower in frequency (F0 and formants) and had a more stable F0 (in frequency and amplitude). Calls of bigger kids were longer in duration and were composed of a lower number of amplitude modulations, but which were higher (Table 3 ; Fig. 3 ). Significant body size effects indicate general body-size related changes with age, and significant sex effects indicate general sex differences, independent of body size.
There was a significant effect of body size on all parameters linked to the F0 contour, except F0Start, with F0 values decreasing when body size increased (Table 3 ; see F0Min in Fig. 3 ). F0AbsSlope decreased (i.e. F0 slope became less steep) when body size increased (Table 3 ; Fig. 3 ). Jitter and Shimmer decreased (i.e. F0 became more stable in frequency and amplitude, respectively) when body size increased (Table 3 ; Jitter: 8-10 cm, 4.02 ± 0.18%, n = 43; 10-11.5 cm, 3.36 ± 0.37%, n = 20; for Shimmer, see Fig. 3 ). The frequencies of the highest measured formants (F3 and F4) and DfMin decreased (i.e. formants became less spaced) when body size increased (Table 3 ; F3Mean: 8-10 cm, 6481.13 ± 95.46 Hz, n = 43; 10-11.5 cm, 5924.69 ± 71.11 Hz, n = 20; F4Mean: 8-10 cm, 8526.84 ± 102.37 Hz, n = 43; 10-11.5 cm, 7812.21 ± 79.21 Hz, n = 20; for DfMin, see Fig. 3 ). AMRate decreased (i.e. less cycles of amplitude modulation per second) when body size increased (Table 3 ; Fig. 3) . AMExtend, on the opposite, increased (i.e. higher amplitude modulations) when body size increased (8-10 cm, 15.01 ± 1.47 dB, n = 9; 10-11.5 cm, 19.68 ± 1.12 dB, n = 16). Dur also increased when body size increased (Table 3 ; Fig. 3 ). To summarise, as kids grew, all parameters linked to the F0 contour of their calls decreased (except F0Start), F0 became less steep (F0AbsSlope) and more stable in frequency and amplitude (Jitter and Shimmer). The highest measured formants and the minimum spacing of the formants decreased, suggesting longer vocal tracts. Calls of bigger kids were also longer in duration and composed of fewer amplitude modulations, but which were higher. 
Discussion
To our knowledge, our study is the first to describe in detail how age and body size growth are linked to changes in the structure of calls according to sex in mammals (other than humans) from a source-filter theory perspective (i.e. investigating changes in both source-and filter-related parameters; Fant, 1960) . We investigated age and body size-related modifications to the vocal characteristics during ontogeny in goat kids, by following the same individuals from birth to four months old. We found age-related changes to most of the vocal parameters measured and almost all of these changes were sex-dependent. As kids matured, their calls were longer in duration, had lower frequencies (F0 and formants), and were less frequency and amplitude modulated. With age, female calls became higher in frequency than male calls. Female calls were also more frequency modulated and had a more stable fundamental frequency (F0) than male calls. Body size growth was responsible for several of these changes, including changes in F0 and changes in the frequencies of the highest measured formants (third and fourth formants). Therefore, kid calls provide important information about age, sex and body size.
Changes with age according to sex
We found that most of the vocal parameters changed with age, and this also depended on sex. These variations between male and female calls are likely due to differences in sex hormones affecting the vocal production organ either directly (Charlton et al., 2011) , or indirectly by affecting other physical characteristics (e.g. body growth), which subsequently affect the vocal organ (Beckford et al., 1985) . We found that F0 contour, most formants and call duration changed with age in a different way for males and females. Because most of these parameters are also linked to body size changes, these differences probably result from sex hormones causing differing male and female body size growth (indirect effect of hormones on the vocal apparatus). Age-related changes to mean F0 and call duration according to sex described in our study are very similar to what has been found in both harbour seals (Phoca vitulina richardii, Khan and Markowitz, 2006) and chacma baboons (Ey et al., 2007b) . The mean F0 decreased with age in both sexes, but became higher in females than in males, and call duration was longer in females than males during the first days and became shorter later. This suggests that some similar mechanisms exist across mammals. When they grow, males become larger than females, and therefore should have larger lung capacity and longer vocal folds. This would enable them to produce longer calls with lower F0. However, the longer duration calls produced by young female goats (this study), harbour seals (Khan and Markowitz, 2006) and chacma baboons (Ey et al., 2007b) , despite an overall smaller size and weight than males must be due to other mechanisms, such as sex-linked behavioural differences, or potentially different reactions of mothers towards male and female offspring.
Sex differences in age-related changes to vocal parameters that are independent of body size may result from different effects of male and female sex hormones on the vocal production organ during development (direct effect of hormones on the vocal apparatus). In humans, the lowest formants (F1 and F2) are determined by the length, width and volume of the vocal tract cavity resonances and also on some characteristics of the vocal tract walls (hard and soft tissues, Titze, 1994; Fitch and Hauser, 2002) . In goats, F2 is absent or reduced in closed-mouth contact calls produced when individuals are close to each other (EB, personal observation), which suggests that F2 depends mostly on the opening of the mouth. Observed sex differences in the lowest formants and frequency values of energy quartiles are thus probably linked to different age-related changes, which are independent of body size, in the width and volume of the vocal tract cavities between males and females.
Body-size related changes
We demonstrated negative relationships between most frequency parameters and body size during growth. Body size growth influenced both source-(F0) and filter-related frequencies (formants), and also vocal parameters linked to the respiratory system (amplitude and duration). F0 contour is determined by the anatomy/physiology of the larynx and the sub-laryngeal and laryngeal structures. The larynx is not constrained by neighbouring skeletal structures, so that vocal fold length is not precisely dependent on body size. However, F0 can be correlated with body size because of age-related vocal folds growth (Taylor and Reby, 2010) . Body size-related lowering of F0-contour parameters in our study thus probably results from a lengthening of vocal folds with age. Formant frequencies are determined by the anatomy/physiology of the supralaryngeal vocal tract. Contrary to F0, the vocal tract is constrained by the bones of the skull, jaw, and spinal column, so that its length strongly depends on body size (Fitch and Giedd, 1999) . The minimum spacing of the formants (DfMin) is a good cue to caller size in several species (Reby and McComb, 2003; Vannoni and McElligott, 2008; Charlton et al., 2009b) . Our study shows that this parameter also decreases with age because of body size growth. Higher formants depend more directly on the vocal tract length than lower formants, and are therefore expected to be more precisely related to body size than lower formants (Fant, 1960; Fitch and Hauser, 2002) . This is con-firmed in our study by body size-related changes to the highest measured formants (F3 and F4) and not to the lowest measured formants (F1 and F2). Finally, duration and amplitude modulations are determined by coordination between the respiratory system and the source (changes in airflow or sub-glottal pressure, Titze, 1994) . We found that calls became longer in duration and with a lower number of amplitude modulations, but which were higher. These changes can be explained by a positive correlation between lung capacity and body size, resulting in individuals with larger lungs producing longer and louder calls (Fitch and Hauser, 2002) , which is often observed among mammals (Torriani et al., 2006; Ey et al., 2007a) .
All male kids in our study were castrated by applying a constrictive rubber ring (elastors) to the neck of the scrotum 3-4 days after birth. This method causes the testicles to fall off after 10-14 days. Early castration results in a slightly lower growth rate compared to intact male kids, but higher than for female kids (Louca et al., 1977) . These growth differences and the differences in vocal parameters found in our study between castrated males and females suggest an important role of prenatal testosterone on castrated male development. Differences between calls of intact male kids and female kids might in fact be higher than between castrated male kids and female kids. However, because testosterone levels in male goats are very low before sexual maturity (i.e. 22 weeks/154 days on average; Chakraborty et al., 1989; Ahmad and Noakes, 1996) , these differences between castrated and intact males are likely to have had little impact on the goats used in our study (0-124 days old). Castration can also have an indirect effect on vocalisations by causing pain. In pigs (Sus scrofa), pain associated with removing the testicles with a scalpel, was shown to increase the number of high frequency calls produced (Weary et al., 1998) . Constrictive rubber rings cause some minor discomfort during the first hours following the procedure, with plasma cortisol levels returning to pretreatment values within approximately 2 h (Mellor et al., 1991; Kent et al., 1993) . Potential pain-related changes in the vocalisations of males in our study should thus be visible around 3-5 days postpartum. According to Fig. 2 , such changes do not occur. An increase in the frequencies of the energy quartiles and of the formants seems to happen around days 9 and 10 ( Fig. 2) , but these changes are likely due to factors other than the discomfort caused by the rubber ring (applied at days 3-4).
Conclusion
We showed that goat kid vocalisations provide important information, which is potentially available to others in their social groups, related to individuality (Briefer and McElligott, in press) , age, sex and body size. The study of vocalisations from a source-filter theory perspective can provide vital information about an animal's physical characteristics (see Taylor and Reby, 2010) . This framework is also likely to reveal important structural differences between calls, which reflect affective states of various arousal levels and valence (positive/negative). We recommend that the framework should be adopted in other applied studies of animal vocalisations because it will greatly assist progress.
